The main objective of this study is to develop a simplified analytical approach to predict the critical velocity of vehicle impact on steel columns. This method utilizes the energy balance principle with a quasi-static approximation of the steel column response. Results of ABAQUS numerical simulations of the dynamic impact response of axially loaded steel columns under vehicle impact are used to validate the proposed method. To account for the effect of vehicle impact, a simplified numerical vehicle model has been adopted using a spring-mass system with a bilinear spring loaddeformation relationship. The validation results show good agreement between the analytical method results and the numerical results with the analytical results tending to be on the safe side.
1.
Research Background The current Eurocode 1 code includes rudimentary guidance on how to include the effects of vehicle impact on building structures [1, 2] by treating the transverse impact as an equivalent static force or as an approximate dynamic impulse. However, these approximations involve many uncertainties that may be grossly inaccurate. For instance, none of these methods considers the interactions between the structure and the impacting body and none includes the work done by the axial force in the structural member as it deforms.
A numerical study recently conducted by the authors [3] has demonstrated that global buckling is the predominant failure mode for axially unrestrained steel columns under transverse impact and the key value is the level of impact kinetic energy. These two conclusions have been implemented in a simplified analytical method suggested by the authors [4] to calculate the critical velocity of a column under transverse impact by a rigid mass.
The main objective of this study is to develop and validate a simplified analytical method for predicting the critical impact velocities of vehicle impact on axially compressed steel columns based on the method suggested by the authors [4] , but incorporating the flexibility of the vehicle. The numerical simulation results will be used to ascertain the accuracy of the proposed analytical method and to assess the accuracy of the current Eurocode 1 design methods.
2.
Developing of the Analytical Method. The energy balance equation for the dynamic structural system can be expressed as:
Where IE col is the energy absorbed by the column's deformations and IE veh the energy absorbed by vehicle deformation. WK is the work done by the axial force. M is the vehicle mass and V o the impact velocity. The derivation of each term in the above energy balance equation will be summarised in the following subsections.
Energy absorbed by the column's deformation (IE col ). The following main assumptions were used to derive the energy absorbed by the column. These assumptions have been extracted from the numerical study presented by the authors [3] :
(1) The stress-strain relationship of steel is assumed to be linear elastic perfectly plastic without strain-hardening; (2) The column cross-sections are class 1 (plastic) and have large rotation capacities; (3) Global buckling failure is the predominant failure mode and transverse shear failure is unlikely to occur when the transverse impact speed is within the range of low to intermediate velocities; (4) The column is in quasi-static state of equilibrium.
The reader may refer to the authors' study [4] for the full derivations of the energy absorbed by the column's deformations. Based on the above assumptions, the general equation of the internal energy absorbed by the column can be expressed as [4] :
where M PR is the plastic moment capacity of the column section at the plastic hinge taking into consideration the presence of an axial load; P cr and k are the Euler buckling load and the effective length factor of the column respectively.
Energy absorbed by the vehicle (IE v ).
Assuming linear force-deformation behaviour of the vehicle frontal structure until the engine box after which the behaviour is rigid [5, 6] and referring to Fig. 11(A) , the maximum energy absorbed by the vehicle can be expressed by the following equation:
Where K 1 is the linear stiffness of the frontal part of the vehicle and C is the vehicle frontal displacement at column failure which can be determined according to Fig. 1(A and B) by:
where F max is the maximum static transverse resistance of the steel column at the impact location. Fig. 1 also shows that when the value of C exceeds C max , the energy absorbed by the vehicle should be limited by substituting for C by C max in Eq. 3 where C max is the maximum distance between the vehicle frontal structure and the vehicle engine box. For example, for a Chevrolet 1994 Pick-up vehicle considered in this study, the value of C max is taken 0.625m [6] .
Work done by column axial load. WK can be calculated as follows [5] : 
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Validation
Numerical model. Table 1 summarises the four H-section steel columns that are used in the validation study. The columns were either simply supported at both ends or propped cantilever. The variable vehicle stiffness reflects the changing dimensions of the columns in contact with the vehicle. Simplified Vehicle Model. The vehicle is represented by a spring with the bilinear forcedeformation relationship shown in Figure 3 , with the first part representing the vehicle deformation behaviour up to the engine box and the second part representing the stiffness of the engine box, which is almost rigid. The vehicle stiffness per unit width is according to the equations by Campbell [5] with vehicle parameters provided by Jiang et al [6] . Results. 
Assessment of Eurocode 1 design methods
The Equivalent Static Force Approach. Figure 6 compares the static transverse force that would cause the axially loaded column to fail for different column sizes and different vehicle impact velocities (50km/h representing built-up area, 80km/h representing urban area, and 120km/h representing motorways) with the equivalent static forces recommended by Eurocode 1. Figure 7 shows that, at the same impact speed, the equivalent static force values depend on the column size. The force increases as the column size increases. The results in 6 suggest that the values suggested by Eurocode 1 may be considered acceptable for small and medium sized columns that are commonly used in buildings of a few storeys high, as represented by the two smaller columns in the Figure. 6. For large columns, the Eurocode 1 design values are much lower than the true equivalent static load; therefore, using the Eurocode 1 values for such columns may lead to an unsafe design. 
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The Dynamic Impulse Approach. According to Annex C of Eurocode 1 [2] , vehicle impact can be treated as a dynamic impulse. The maximum value of the force and the time duration of the impulse can be calculated using the following simple equations.
.
In these equations, the stiffness k e is the equivalent elastic stiffness of the impacting object (vehicle) for the case of hard impact or the elastic stiffness of the impacted structure (column) for the case of soft impact. Figure 7 compares the critical impact velocities from using the dynamic impulses and from using the vehicle impact simulation results. Figure 7 shows that, by using the column stiffness only, the critical impact velocities were underestimated significantly. If using the vehicle stiffness only, the impulse analysis method can give close results to the vehicle impact simulation methods at higher axial load ratios, but overestimate the critical impact velocities at lower axial load ratios. The latter is mainly because it is not appropriate to use the vehicle elastic stiffness after the vehicle deformation has reached the engine box.
simply supported propped cantilever Fig. 7 : Comparison of critical impact velocity-axial load curves between using dynamic impulse simulation (EC1) and vehicle simulation for steel column section UC 305×305×118.
Proposed modifications. Two modifications should be made: both the column and the vehicle stiffness should be included when calculating the impact force and the vehicle energy absorption value reaches the maximum when the vehicle deformation has reached the engine position. Based on these two modifications, the new impulse can be estimated as in the following procedure:
(i) The equivalent impact force and the impulse duration are calculated using the equations below: ( )
And the impulse duration can be calculated from ∆t = M.v r /F .
Analytical results using the above proposed modifications are also included in Figure 7 and the proposed modifications give more reasonable results than the existing Eurocode 1 results, particularly when column failure occurs after the column has made contact with the vehicle engine box.
Conclusions
This study has presented the development of a simplified analytical method to calculate the critical velocity of vehicle impact on a steel column. This method used the energy balance principle and assumes a quasi-static response from the impacted steel column. The maximum energy absorbed by the vehicle at column failure is calculated using a simple approach for the vehicle. The validation results have shown that, by including a vehicle model in the analytical method, the accuracy of the analytical method is improved compared with rigid impact. An assessment of the Eurocode 1 design methods has shown that the equivalent static design force approach can be used in the design of moderately sized columns that are typically used in low multi-storey buildings. For bigger columns, it is unsafe to use the static forces approach. It is acceptable to use a dynamic impulse to represent the dynamic action of vehicle impact, but both the column and vehicle stiffness values should be included when calculating the equivalent dynamic impulse. It is also necessary to consider the two stage behaviour of the impacting vehicle, before and after the column is in contact with the vehicle engine. A method has been developed to implement these changes. 
